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Abstract. 2014 The transverse acoustic phonon dispersion in germanium has been studied along [111] and [100] [4] .
If melting is due to the above mentioned instability, TA mode softening should be observed near Tm. Earlier calculations assumed a uniform softening of the TA modes throughout the Brillouin Zone, proportional to the free electron density n, according to where c~o(q) is the dispersion relation in the absence of free carriers i.e. at 0 K, a a proportionality constant and N the atomic density. Using such an assumption, Heine and Van Vechten [5] were able to account quite satisfactorily for the temperature dependence of the energy gap in Si below 400 K. That TA frequencies may become imaginary at large n is illustrated by a former calculation by Martin [6] . Recently, Biswas and Ambegaokar [7] , have put forward a theoretical calculation which, to some extent, interpolates between Martin's calculation and the approaches used to describe the phonon dispersion curves of group IV semiconductors in the absence of free electron effects [8] . They do not find a « uniform » softening as in equation (1 ) [10] [11] [12] [13] , some data were taken at 20 °C and 600 ~C. Measurements were then performed at 900, 915 (where the most complete set of data was obtained) 925 and 935 °C. During the last run at 935 °C the sample partially melted, providing a check of our T-scale (Tm = 937 ~C). In order to analyse the data, the variation with temperature and wavevector Q of the intensity scattered outside the phonon peaks was studied and found to be proportional to the wavevector squared and to T therefore corresponding to incoherent inelastic scattering related to the phonon density of states [14] . After subtraction of this intensity, the phonon peaks were fitted to a calculated lineshape, taking into account the known spectrometer resolution function, and assuming a damped harmonic oscillator for the phonon scattering cross-section. Additional assumptions in the fitting were : linear Q-dependence of the dispersion curve, constancy of the dynamical structure factor in the Q region of the fit, neglect of phonon polarization. [11] [12] [13] , is less than 0.02 THz. An accurate determination of F, which is small in comparison to the instrumental resolution, is difficult to obtain. However, the average of all values obtained by fitting the data at all temperatures from 900 °C to 935 °C is F = 0.035 ± 0.015 THz. The value found at 600 °C is slightly smaller, in agreement with the observation by Nelin and Nilsson [13] , that « the linewidths do not exceed a few units of 0.01 THz anywhere » (between 80 and 880 K). The corresponding lifetime is of the order of 10 ps. Such a value at 900 °C may be evidence of the smallness of anharmonic effects in Ge, even near Tm. It also sets a limit on phonon scattering by electronphonon interactions, near Tm, that is in presence of electron densities in the range 2 x 1019 to a few 1021 cm-3 [depending on the theoretical estimates, see Ret [3] and discussion below]. Figure 2 shows the dependence of TA phonon frequency versus temperature, compared to data of reference [13] , for points L3 andX3at the BZ boundary, and for point 1 1 T) on the lowest TA branch. All frequencies decrease linearly with increasing T up to Tm, at approximately the rate of(8.5±0.3)xlO'~K'~ found by Nelin and Nilsson [13] . This is particularly clear at L3, where softening should occur first according to reference [7] . That the phonon frequencies found here at X3 are below the linear extrapolation by 0.04 THz might be due to a systematic error. A slight non-linearity in the variation of the frequency at this point cannot be excluded either. The dispersion of the TA [ 111 and [100] branches within the BZ has also been investigated Figure 3 shows the data at 915 °C (the data taken at 920 to 935 OC were identical within our experimental uncertainty, see Fig. 1 In summary, the study of the dispersion relation of the lowest TA branches in Ge up to its melting point gives no evidence of a softening which might be associated with a high free carrier density, anywhere in the BZ and especially at the BZ boundary. The linear decrease of all phonon energies with increasing temperature, already observed at lower T [13] , persists unchanged up to the melting point. It seems therefore that the postulated mechanism of melting via the influence of free electrons [2, 3] does not operate in Ge at thermal equilibrium near Tm ; rather, it is over- come by a more common process before the carrier density is large enough. A direct measurement of this density just below Tm would clearly be desirable, and might allow to use the present data in the discussion of laser annealing processes. Equation (1) postulates a variation of w(q), linear in n, uniform in q. The variation of w(q) found here is uniform in q, but linear in T, of which n depends exponentially. Thus, even at T m, only a minor fraction of the observed decrease in w(q) may be associated to an electronic effect; an upper limit of n(Tm), within the theory of reference [5] , can then be calculated : ~(7"~)/~(~.r) ~ 0.9, a = ~/6o ~ 4, since / ~ 1 and Eo = 16 neglecting variation of Eo with T. Therefore n(Tm) 1021 cm-3, much less than the densities invoked in the plasma melting theory of picosecond laser annealing [2] . 1021 cm-3 is also the critical density below which no effect of the free carriers on the phonon energies is predicted in (7) .
The 10 ps TA phonon lifetime suggested by the observed linewidths indicates that the phonon distribution generated in picosecond laser annealing experiments might be far from thermal equilibrium, and different from that operative when nanosecond pulses are used
